ABSTRACT: The mechanical and thermal insulation properties of expanded vermiculite (EV)/ forsterite composite materials before and after the modification of EV were characterized by three-point bending test, compressive strength test and flat plate method. The results showed that by increasing the modified EV content, the mechanical properties and thermal insulation properties of composite materials were significantly improved. When the substitution rate of modified EV was 50wt%, the flexural and compressive strength were 11.55MPa and 22.80MPa, improved by 23.8% and 44.9%, respectively, compared with the unmodified sample; and the thermal conductivity was 0.168 W/M·K (at the testing temperature was 800℃ ), improved by 30.5%.
INTRODUCTION
The energy consumption increases with the rapid economic development of many countries, therefore, energy saving has become one of the most urgent tasks for current economies. The most effective way to solve this problem is to reduce heat loss. One of the main measures taken is to develop and apply insulation materials. Expanded vermiculite (EV) is an excellent refractory insulation material due to its low thermal conductivity and bulk density. Moreover, the scaly structure of its granular surface has the ability to reflect thermal radiation.
1,2
The EV/forsterite composite material, which was developed at Wuhan University of Science and Technology and Zili limited company, has been applied in Bao steel and Wuhan Iron and Steel Corporation (WISCO) and lowered the ladle shell temperature effectively.
3 However, the above insulation material still had weaknesses due to constraints concerning the raw material and production conditions. Insulation materials are commonly porous, so an antagonism exists between the thermal and mechanical properties. In this paper, the in-situ gel method was adopted to modify EV, namely to improve its microstructure. By decreasing the pore size from the micron to the nanoscale in EV, the insulation and mechanical performance of these composite materials were greatly enhanced.
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EXPERIMENTAL PROCEDURES
EV was bought from Weili Mining Co, Xinjiang, China in form of crude 'superfine grade'. The particle size of the crude vermiculite was 0.05-1.0 mm. The EV was modified by the in-situ gel method, following similar procedures as reported earlier. 4 Original sample include only EV and forsterite with a proper ratio. Then the modified EV was used to replaced EV in different substitution rate. In brief, unmodified EV and modified EV were initially mixed with forsterite and then combined with a solution of aluminium dihydrogen phosphate in appropriate ratios.
After mixing, the samples were shaped under the pressure of 5 MPa and then cured at 110 ºC for 24 h. 
(2) Based on the relation Eqn. (3) between strength, porosity, and average pore size, it is evident that the higher the porosity and the larger the average pore size, the lower the strength. Moreover, the average pore size has a bigger impact than the porosity.
Here, σ is strength of the material (Pa), P is porosity (%), r m is average pore size (m), and K is the reaction constant. For this composite material, K = 88185.
It can be seen that the modified EV/forsterite composite materials contained not only pores with 20 µm in diameter, but also 300 nm-pores which had higher incremental pore volume (shown in Figure 1 ). By modifying the EV, the average pore size was effectively decreased and the mechanical properties of the materials were improved. As seen from Figure 2 , the substitution of ordinary by modified EV resulted in a considerable increase in the heat-insulation properties. With the increase of the modified EV content, the thermal conductivity decreased. The thermal conductivity was 0. 30.2%, and 30.5%, respectively, with respect to the unmodified sample. The thermal conductivity of the material was significantly affected by its microstructure. As seen in Figure 3 (a), the pore size is micron level in the unmodified EV, so there still exists strong radiation and thermal convection at high temperature. The alumina aerogel was distributed evenly in the structural gaps of the EV (shown in Figure 3 (b) ) after modifition by in-situ alumina gel, which played a very important role in obstructing heat transfer. After being calcined at temperatures of 900°C (shown in Figure 3 (c)) and 1000°C (shown in Figure 3 (d)) for 4 h, the modified EV maintained a good multiporous network structure, without any distinct signs of conglobation or collapse of the porous structure. The improved insulation performance of the material at high temperatures was a direct consequence of its special microstructure.
CONCLUSIONS
After modification of EV, both the mechanical and thermal insulation properties of composite materials were significantly improved. When the substitution rate of modified EV was 50wt%, the flexural and compressive strength were 11.55 MPa and 22.80 MPa, improved by 23.8% and 44.9%, respectively, compared with the unmodified sample; the thermal conductivity was 0.169 W·m -1 ·K -1 (at the testing temperature of 800°C), improved by 30.5%. The active and porous alumina aerogel on the surface of modified EV reacted to form AlPO 4 , leading to good mechanical properties while being distributed in the structural gaps of the EV. This process played a very important role in obstructing heat transfer.
